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Abstract. Slender boiler tubes are subject to localised swelling when they are expose 
to excessive heat. The latter is due to the formation of an oxide layer, which acts as an 
insulation barrier. This excessive heat can lead to microstructural changes in the 
material that would reduce the mechanical strength and would eventually lead to 
critical and catastrophic failure. Detecting such creep damage remains a formidable 
challenge for boiler operators. It involves a costly process of shutting down the plant, 
performing electromagnetic and ultrasonic non-destructive inspection, repairing or 
replacing damaged tubes and finally restarting the plant to resume its service. 
This research explores through a model developed using a finite element computer 
simulation platform the thermal behaviour of slender tubes under constant temperature 
exceeding 723 °K. Our simulation results demonstrate that hematite layers up to 15μm 
thickness inside the tubes do not act as insulation. They clearly show the process of 
long term overheating on the outside of boiler tubes which in turn leads to initiation of 
flaws. 
 
 
1. Introduction 
 
 
Boilers and other heavy industrial equipment operating at high temperatures and pressure are 
design for a finite life [1]. The lifetime of boilers and steam generators are between 20 to 30 years 
[2]. In recent years, heavy industrial structures have aged beyond their design lifetime. Indeed, 
most boiler tubes have been operating for more than 30 years. Therefore, frequent inspections are 
required to ensure that the boilers are still safe to use and it is cost effective to keep them running 
for longer periods. Figure 1 shows the areas of one aqua tube wall subject to overheating. 
The temperature inside the water wall tubes can reach 943 oK. However, super heaters and 
reheaters can operate at temperatures of nearly 1163 
o
K. At these temperatures, microstructural 
changes occur in ferritic steel structures but they do not pose a substantial risk of failure [2]. One 
study conducted by Graham and Waleed [3] at Saudi Aramco on 101 cases of boilers tubes 
concluded that 24% of tubes such as furnaces fail due long term overheating and 6% of tubes such 
as super heaters fail due to short term overheating. The distribution of damage mechanisms is 
depict in Figure 2. 
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Figure 1: Hot areas shown in red are subject to overheating in a boiler [4]. 
 
 
 
Figure 2: Boiler tubes common damage mechanisms. 
 
Overheating is associated with the formation of different oxide layers with different 
thicknesses over the internal surface of the tubes where less than 3% Cr is present. At temperatures 
below 833 °K and high partial pressure of O2 this film is made of two layers: 1) a magnetite 
(Fe2O3) layer and 2) a hematite (Fe2O4) layer. At temperatures higher than 873 °C an additional 
layer of iron monoxide (FeO) also appears. 
The effects of the oxidation layers on the mechanical behaviour of materials manifest 
themselves in a reduction of the tube cross section, which increases the localised stress. The film 
growth causes an insulation of this section leading to a temperature increase within the cross 
section and acceleration of material degradation. Also, spalling of oxide scales can be beneficial to 
reduce the aforementioned effects, but can conversely result in tube overheating if it becomes 
entrapped in the system, thus reducing the flow rate in this section [5]. 
The presence of two or more layers of dissimilar materials, which present a mismatch between 
the coefficients of thermal expansion, induces stress. As consequence, a delamination or more 
likely a crack would occur. In this paper, we study the effects of long term overheating due to the 
formation of oxide layers inside boiler tubes. We use finite element method in order to model the 
thermal behaviour of the tube under long term overheating. The study is conduct under stationary 
conditions to reflect real boiler conditions. 
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2. Methodology 
The data of operating pressure, design pressure, design temperature and feed water temperature used 
in our study is sourced from a VU-60 boiler [6] (see Table 1). The structure is made of seamless 
carbon steel and is 6000 mm long with approximately 60 mm outside diameter and 50 mm inside 
diameter. It is subject to heating in excess of 450 °C in one longitudinal half. In reality, the tube 
length, diameter and thickness depend on the work pressure and the quantity of steam height 
generated. 
 
Table 1: Boiler operational parameters [6] 
 
Model VU-60 
Operating pressure 6.423 [MPa] 
Design pressure 6.816 [MPa] 
Design temperature 728.15 [
o
K] 
Feed water temperature 463.15 [
o
K] 
 
 
One-half of the tube is expose to ambient temperature while the other half is expose to a 
combustion chamber. After a certain height, steam starts to evaporate from boiled water inside the 
tube. It is in this part of the tube where the oxide layer is likely to form and grow causing long term 
overheating due to the reduction in heat transfer between tube wall and steam. As the diffusion rate of 
these oxide layers raises exponentially with the temperature new alloys are develop slowing the 
growth rate. The heat transfer through a steel tube wall with iron oxide layer can be considered 
unidirectional as shown in Figure 3. 
 
 
 
Figure 3: Heat transfer through iron oxide layer [7]. 
 
The oxide layers growing are due to the partial pressure of oxygen over the tube wall. If not all 
oxygen formed over the tube wall is consumed the oxygen bubble tries scape from the oxide layer. 
The movement of bubbles trying scape from the oxide layer creates porosity inside the oxide layer. 
Each oxide layer has a different energy of formation. This difference of energy of formation causes 
some discontinuity from one layer to another layer. In this model, we assume a unidirectional heat 
flux, there is a perfect adherence between the oxide layers and tube wall, and there is no porosity 
inside the oxides [7]. With this assumption, the heat quantity that flows through the oxide layers and 
tube wall is given by the equation: 
 
𝐪 
= 𝐤 
𝐝𝐓 (1) 
𝐀 𝐝𝐱 
Where: 
q=heat transfer rate, 
k=material thermal conductivity, 
A=material cross section, 
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T=temperature in degrees Kelvin, and, 
x=material thickness. 
 In a stationary study, equation (1) reduces to: 
𝐪 
= 𝐤 (2) 
𝐀 
Assuming also that the oxide layer is composed of 90% wustite, 8% magnetite and 2% hematite 
[3], we impose a maximum oxide layer thickness of 1000 µm. Therefore, the wustite layer will have a 
thickness of 900 µm, the magnetite layer will be 80 µm and the hematite layer will be 20 µm. 
We also consider the design temperature (728 oK) as the upper limit and the inlet water temperature 
(463 oK) as the steam temperature limit. We start our study by considering a new tube without any 
oxide layer and then we gradually add hematite layers of 10 µm, 15 µm and 20 µm to explore the 
effects on heat distribution on the tube wall. The material properties used in this study are show in 
Table 2. 
 
Table 2: Thermo-mechanical properties. 
 
Material k (W/mK) ρ (kg/m3) Cp (J/kgK) 
Carbon steel 44.5 7850 475 
FeO 3.2 7750 725 
Fe3O4 1.5 5600 800 
Fe2O3 1.2 4900 980 
 
COMSOL Multiphysics®[1] ver. 4.4 is used with heat transfer in solids for modelling these 
phenomena. 
 
3. Results 
The results obtained by isothermal contour analysis shows that the oxide layers growing act as 
insulation, making the tube wall facing the combustion chamber hotter than the tube wall inside the 
refractory wall. We also observe that as the oxide layers grow the internal surface of the tubes facing 
the combustion chamber becomes colder than the outside surface in the combustion chamber. 
The isothermal contour of carbon steel tubes without oxide layers show that the temperature varies 
from 813 oK on the tube surface in contact with combustion chamber to 693 oK on the steam in contact 
with tube. 
When a hematite layer grows over the internal surface of tube, the temperature profile varies from 
783oK to 503 oK for a 10 µm hematite oxide layer. For a 15 µm hematite oxide layer the temperature 
varies from 783 oK to 635 oK and for a 20 µm hematite oxide layer the temperature varies from 783 oK 
to 582 oK. 
When a magnetite oxide layer is added to a hematite oxide layer the temperature profile varies from 
783 oK to 529 oK for 60 µm and 80 µm of magnetite. This indicates, as observed in the field, that at a 
certain magnetite thickness this oxide acts as a protective layer. 
When we added a wustite oxide layer to the magnetite oxide layer the temperature profile varies 
from 783 oK to 476 oK for 450 µm and 675 µm wustite and from 783 oK to 529 oK for a 900 µm 
wustite. 
Our results, using isothermal contours from COMSOL Multiphysics®, show that there is a critical 
thickness of oxide layer where the temperature profile changes. These changes in the temperature 
profile could be associated with coarsening pores and crack growth inside the oxide layer, as shown in 
Figure 4 [7]. 
 
 
 
1 Comsol Multiphysics is a trademark from COMSOL Inc. 
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Figure 4: Picture showing coarse pores and exfoliation in hematite oxide layer [7]. 
 
  
Figure 5: Heat distribution in a boiler tube without 
any oxide layers and a close-up of the heat 
distribution. 
Figure 6: Heat distribution in a boiler tube with a 
10 µm hematite layer and a close-up of the heat 
distribution in the hematite layer. 
  
Figure 7: Heat distribution in a boiler tube with a 
15 µm hematite layer and a close-up of the heat 
distribution in the hematite layer. 
Figure 8: Heat distribution in a boiler tube with a 
20 µm hematite layer and a close-up of the heat 
distribution in the hematite layer. 
  
Figure 9: Heat distribution in a boiler tube with a 
40 µm magnetite and 10 µm hematite layer and a 
close-up of the heat distribution in the layers. 
Figure 10: Heat distribution in a boiler tube with a 
60 µm magnetite and a 15 µm of hematite layer 
and a close-up of the heat distribution in the 
layers. 
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Figure 11: Heat distribution in a boiler tube with an 
80 µm magnetite and a 20 µm hematite layer and a 
close-up of the heat distribution in the layers. 
Figure 12: Heat distribution in a boiler tube with a 
450 µm wustite, magnetite and a 10 µm hematite 
layer and a close-up of the heat distribution in the 
layers. 
  
Figure 13: Heat distribution in a boiler tube with a 
675 µm wustite, 60 µm magnetite and a 15 µm of 
hematite layer and a close-up of the heat 
distribution in the layers. 
Figure 17: Heat distribution in a boiler tube with 
a 900 µm wustite, an 80 µm magnetite and a 20 
µm   hematite   layer   and   a   close-up   of   heat 
distribution in the layers. 
 
Figures 17 to 20 show the refractory effects of each iron oxide layer as it grows 
 
 
Figure 17: Graph showing a carbon steel without oxides. 
 
 
Figure 18: Graph showing the refractory effect of a hematite layer growing. 
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Figure 19: Graph showing the refractory effect of a hematite and magnetite layer growing. 
 
 
Figure 20: Graph showing the refractory effect of a wustite, magneite and hematite layer growing. 
 
3. Conclusion. 
The simulation of oxides growing indicates that: 
1 –A thinner layer of hematite up to 10 µm is less refractory than a thicker hematite layer over 10 µm. 
It seems be due to thinner layers of hematite being more compact than thicker layers which permits 
oxygen to penetrate through hematite oxide to form magnetite. 
2 – Magnetite and hematite layers are less refractory than hematite., 
3 – Having a wustite, magnetite and hematite layer is the worst composition of oxides layers and the 
most refractory. This composition affects the heat distribution causing microstructural changes that 
leads tube failure. The refractory behaviour of this composition of oxide layers could be associated 
with the fact that wustite is an iron and chromium oxide. This composition, due to the chromium 
content, is more refractory. 
4- An effective control of oxygen content in the feed water, the operating temperature and the use of 
NDT technique’s which is able to measure hematite thickness could prevent tubes failure. 
 
Acknowledgments 
J D Angelo would like acknowledge to CNPq – Brazil, for the research grant, which funded his 
research. 
5th Symposium on the Mechanics of Slender Structures (MoSS2015) IOP Publishing 
8 
 
 
 
 
Journal of Physics: Conference Series 721 (2016) 012002 doi:10.1088/1742-6596/721/1/012002 
 
 
References 
 
[1] Singer J G 1991 Combustion, Fossil Power. ABB Combustion Engineering, Windsor, 
Connecticut. 
[2] French D N Microstructural Degradation. The National Board of Boiler and Pressure Vessel 
Inspector web site, Classic Articles, available at www.nationalboard.org/classics. 
[3] Graham R, Lobley and Waleed l. Al-Otaibi, 2008, Diagnosing Tube Failures Related to 
Overheating, Advanced Materials Research, 41-42, pp 175-181. 
[4] Catalogue Energia, Sermatec-Zanini, available in 
http://media.sermatec.com.br/uploads/produtos_arquivo/2_catalogo_sermateczanini_energia_2.pd 
f. 
[5] Bruno Reis Cardoso et al, 2012, J. of Mater. Res. Technol, 1(2), 109-116. 
[6] Martin Torres and Rafael Colas, 2000, A model for heat conduction through the oxide layer of 
steel during hot rolling, Journal of Materials Processing Technology, 105 (3), 258-263. 
[7] Program on Technology Innovation: Oxide Growth and Exfoliation on Alloys Exposed to Steam. 
EPRI, Palo Alto, CA:2007. 1013666. 
